The size and the character (low and large angle, special boundaries, tilt and twist boundaries, twins) of the grain boundaries (GBs) in polycrystalline materials influence their strength and their fracture toughness. Recent studies devoted to nanocrystalline (NC) materials have shown a deviation from the Hall-Petch law. Special GBs formed by Σ3 twins in face-centred cubic metals are also known to have a strong effect on the mechanical behaviour of these metals, in particular their work-hardening rate. Grain orientation influences also crack path, the fracture toughness of body-centred cubic (BCC) metals and the fatigue crack growth rate of microstructurally short cracks. This paper deals both with slip transfer at GBs and with the interactions between propagating cracks with GBs. In the analysis of slip transfer, the emphasis is placed on twin boundaries (TBs) for which the dislocation reactions during slip transfer are analysed theoretically, experimentally and using the results of atomic molecular simulations published in the literature. It is shown that in a number of situations this transfer leads to a normal motion of the TB owing to the displacement of partial dislocations along the TB. This motion can generate a de-twinning effect observed in particular in NC metals. Crack propagation across GBs is also considered. It is shown that cleavage crack path behaviour in BCC metals is largely dependent on the twist component of the GBs. A mechanism for the propagation of these twisted cracks involving a segmentation of the crack front and the existence of intergranular parts is discussed and verified for a pressure vessel steel. A similar segmentation seems to occur for short fatigue cracks although, quite surprisingly, this crossing mechanism for fatigue cracks does not seem
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Introduction
Grain boundaries (GBs) affect many mechanical and physical properties of polycrystalline materials. Their influence on plastic deformation has been investigated in detail by many researchers. These studies were especially performed on bicrystals with well-defined GBs [1, 2] . In this paper, we examine first slip transfer at GBs. Emphasis is placed on special boundaries, in particular Σ3 twin boundaries (TBs) in face-centred cubic (FCC) metals, because these boundaries act as preferential sites for the nucleation of fatigue cracks, as underlined in the third part of this paper which is devoted to the interactions between GBs and fatigue cracks. High angle GBs and larger Σ special GBs which necessitate considering the interactions between the intrinsic GB dislocations and the extrinsic slip dislocations are not examined in this study. It should be added that Σ3 TBs are also preferential sites for the initiation of cracks during monotonic loading in a number of FCC metals, such as high Mn austenitic steels [3] .
In many FCC metals which exhibit planar slip owing to their low stacking fault energy (SFE) or to local softening effect associated with particle cutting mechanism in precipitation strengthened materials, fatigue cracks propagate preferentially along {111} planes (stage I regime in fatigue loading). There is thus some analogy in these materials with the interactions between GBs, slip bands and fatigue cracking at least as far the orientation is concerned. However, the analogy is limited, because the crystallography of fatigue cracks requires that, in many cases, the crack front must be fragmented into adjacent parallel segments at the crossing of GBs, as shown later. This fragmentation phenomenon is even more important for cleavage fracture in body-centred cubic (BCC) metals. This is largely due to the fact that in BCC materials the number of cleavage planes is lower than the number of possible slip planes. This produces severe constraints for the crossing of GBs by cleavage cracks and, in particular, the geometry requires that, during this crossing process, some part of the fracture surface is intergranular. This interaction between trans-and intergranular fracture has strong implications on the fracture toughness resistance of ferritic steels when tested in the lower toughness regime or in the ductile-to-brittle transition (DBT) region, as shown in the second part of this presentation.
The paper is organized as follows: slip transfer across GBs is examined first. The conditions necessary for the formation of mechanical twins in FCC metals are briefly recalled in this part where the results of recent studies on nanocrystalline (NC) and nanotwinned materials are presented. Then, the general geometrical conditions which have been established in the literature for slip transmission across GBs are given. These conditions apply for any type of boundary. The specific case of TBs in FCC metals is analysed in terms of dislocation reactions (both perfect and partials) at TBs. It should be noted that dislocations and twinning in FCC crystals have been described in detail by many authors. For a recent review, see Niewczas [4] .
The second part of the presentation is devoted to the interaction between a cleavage crack and a grain boundary. This interaction is strongly dependent on the relative orientation between the two grains. Tilt GBs can easily be crossed by cleavage cracks, whereas the situation of twist GBs is much more difficult. These twist GBs cannot be crossed without the formation of some intergranular fracture.
The crossing of GBs by fatigue cracks is examined in the third part. Aspects similar to those met with cleavage cracks and twist GBs are highlighted even if they have not been extensively reported in the literature. The discussion is limited to materials and fatigue loading conditions such that the {111} slip planes coincide with the fracture surface. This limitation means that consideration is essentially limited to planar slip materials and early fatigue crack growth of short cracks. In §4, some microstructural consequences of the interaction between cracks and GBs are considered. Some microstructural modifications which should be made to reduce the fatigue crack growth rate in FCC metals or increase the fracture toughness of BCC metals are briefly discussed.
Slip transfer across grain boundaries (a) Introductory comments
The primary mechanisms for plastic deformation in FCC metals at low temperature are slip through dislocation motion and deformation twinning (DT) [5, 6] . An inherent competition exists between these two modes of deformation. Twinnability has been recently defined and analysed in particular by Tadmor & Bersntein [7] as the material property quantifying this competition. This is a fundamental material property that characterizes the plastic nature of a material, akin to other basic material properties such as measures of brittle versus ductile behaviour.
The SFE has traditionally been used as a rough predictor of twinnability in FCC metals [8] . This view is largely based on the observations showing that DT is more common in metals with low SFE. However, many exceptions exist to this rule. In FCC metals, the most striking deviation from this rule is the anomalous behaviour of Al. For conventional grain sizes (greater than 10 μm), Al does not exhibit DT at any stress, except at very high strain rate during shock loading [9] despite having an SFE lower than Ni and Ir, which exhibit DT [10] . However, twinning has been observed in NC Al [11, 12] . Actually, it has been shown by Tadmor & Bernstein [7] that twinnability does not uniquely depend on the SFE, γ sf , but also on the unstable interfacial (stacking and twinning) energy, γ us and γ ut . The material parameters γ sf , γ us and γ ut have been computed using quantum mechanical techniques for eight pure FCC metals [7] . Moreover, a detailed analysis of the mechanisms involved in crossing existing TBs by perfect or partial dislocations indicates that twinning or de-twinning can coexist, as shown below ( §2c).
(b) General conditions for slip transfer across grain boundaries
The fundamental understanding of slip transmission has been developed through studies of individual GBs by a number of authors [13] [14] [15] [16] . In these carefully conducted experiments, different parameters were used to predict the experimentally observed slip transmission reactions. Livingston & Chalmers [13] proposed a simple geometrical criterion for predicting specific slip system activation across a boundary due to dislocation pile-up. A modified version of this criterion was introduced by Shen et al. [14] in which these authors introduced an additional requirement that the resolved shear stress on the outgoing activated slip system had to be maximized. Lim & Raj [17] suggested that the residual dislocation in the GB plane also plays an important role for slip transfer. Lee, Robertson and Birnbaum (LRB) [16] proposed an alternative, although closely related, set of conditions. These conditions can be expressed as follows.
1. The angle between the line of intersection made by the incoming (l in ) and the outgoing (l out ) slip planes and the GB plane should be minimum, which means that the product l in · l out should be maximum ( figure 1 ). 2. The magnitude of the Burgers vector of the residual GB dislocation, b r , created in the boundary as a result of the reaction between the incoming dislocation (b in ) and the outgoing dislocation (b out ) written as (b 1 ) → (b out ) + (b r ) should be small. 3. The relative resolved shear stress acting on the outgoing slip system should be large.
Based on coupled atomistic discrete-dislocation method, Dewald & Curtin [18] have extended these LRB criteria for dislocation transmission to include the influences of GB normal stress and shear stress acting on the leading pile-up dislocation.
An additional level of analysis was made possible through simulations at the atomic level, e.g. using molecular dynamics (MD) simulations. For instance, Jin et al. [19, 20] different interaction behaviours using a material-dependent energy barrier to nucleate partial dislocations. Dewald & Curtin [21] have also used MD simulations to formulate a modified criterion for slip transmission. This criterion incorporates, in addition to the LRB conditions, the characteristics of the GB dislocations and GB steps, and the effect of non-Schmid stresses, as indicated earlier. However, in spite of these recent advances, it seems that the LRB rules are sufficiently accurate to describe slip transfer across GBs in many situations.
It should also be mentioned that it has been shown by Hirth [22, 23] that when a dislocation with edge component crosses a GB with a tilt component, it shears the boundary and produces a GB defect, a disconnection. This defect has both step character as well as dislocation character. These steps may also act as nucleation and propagation sites for both transgranular (cleavage) and intergranular fracture.
(c) Slip transmission at twin boundaries in face-centred cubic crystals
The character of the GB in the mechanism of slip transmission is extremely important for a detailed analysis. Owing to the importance of TBs in many FCC metals and in particular in NC materials (e.g. Al and Cu), the interaction between matrix dislocations and Σ3 TBs has been analysed in more detail [24] [25] [26] . TBs are strong barriers for slip transmission and are very often preferential nucleation sites for fatigue cracks in FCC metals, as shown later. This is the reason why, in this paper, a special attention is given to this type of boundary.
The double Thompson tetrahedron representing two FCC crystals in twin relation is shown in figure 2. Rémy [27] was among the first authors to analyse the reactions which take place between the perfect (or partial) dislocations coming from the upper (matrix) crystal (designated β or M) and crossing the TB to transfer slip into the lower crystal (designated β or T). If we consider a twin obstacle with a (111) composition plane and a (111) . The first one is parallel to the intersection between the slip plane and the TBs, the others make an angle of (π/3) with this intersection. These reactions can be written as below for perfect and partial dislocations. (i) Perfect dislocations
Two reactions are possible for each (π/3) dislocation:
and
Reactions (2.2) and (2.3) are energetically unfavourable because they require an increase in self energy of 133% for reaction (2.2) and 33% for reaction (2.3). These reactions produce a migration of the twin interface by producing twinning or de-twinning via propagation of the partial dislocations. We show later ( §4) that these mechanisms can play an important role for the initiation of fatigue cracks at the impingement of slip bands with TBs.
(
ii) Partial dislocations
Various dislocation reactions were proposed by Mahajan et al. [28] , Mahajan & Chin [29, 30] and Rémy [31] using the Slesswyk-Verbraak [32] approach. Some difficulties are met by incorporating twinning dislocations (see Rémy [31] ). This author pointed out that it is necessary to incorporate triplets of incident twinning dislocations to obtain a step at the interface which is an integer number of {111} planes, i.e. two planes. These triplets can easily be incorporated if an intermediate dissociation into two perfect dislocations is made. This leads to the following reactions [31] :
(2. In this second reaction, a slip dislocation is emitted into the incident twin. It should be noted that reaction (2.5) produces a change in the thickness on the crossed twin, i.e. a motion of the TB. This phenomenon is similar to the plasticity effect produced by the migration of interface which has been recently described and analysed by Cahn et al. [33] .
These reactions with partial dislocations have been observed by Coujou in Cu-Si alloys [34] . Other reactions with perfect and partial dislocations have been suggested recently by Zhu et al. [24, 35] . All these reactions are also energetically unfavourable in terms of the b 2 criterion. This means that the stress concentration at the tip of the in-going dislocation pile-up must be sufficiently large to cross the TB. It should be emphasized that there are still very few experimental results supporting these calculated reactions.
In their recent study devoted to a nickel-based superalloy, Hastelloy X, Abuzaid et al. [26] have, however, attempted to determine the residual dislocations b r using high-resolution digital image correlation. These authors observed three distinct spikes in the number of GBs having similar |b r |, i.e. |b r | = 0, |b r | = a √ 6 = 0.41a and |b r | = a/ √ 2 = 0.71a. Most of these boundaries were identified as Σ3 type. The first spike at |b r | = 0 represents cross slip across the GB leaving no residual dislocation in the GB plane, as shown schematically in figure 3a and as observed by Lee et al. in nickel [15] . The second spike is at |b r | = |(a/6 211 )| = a/ √ 6. Reaction (2.3) leaves a partial dislocation step in the GB plane, as shown in figure 3b and as observed by Rémy [27] and Lee et al. [15] . The third spike is at |b r | = |(a/2)[101]| = a/ √ 2 which leaves a full dislocation step in the GB plane, as shown in figure 3c. This type of reaction has been analysed by Zhu et al. [24, 35] .
Some of these reactions have been analysed in much more detail using MD simulations (see [21] ). The experimental work by Abuzaid et al. [26] provides further quantitative insights into the relative importance of each of the observed reactions involving Σ3 TBs. For example, these authors observed that the number of transmitting Σ3 GBs with |b r | = 0 was considerably larger than the number of Σ3 GBs with |b r | = a/ √ 6 or |b r | = a/ √ 2. This, in turn, results in higher strain amplitude across these interfaces with |b r | = 0 compared with other GBs. This observation is important when discussing fatigue crack initiation at TBs, as shown later ( §4).
It should be noted that reaction (2.5), like reaction (2.3), produces a change in the thickness of the cross twin, i.e. a motion of the TB. De-twinning has been observed by Coujou [34] in Cu-Si alloys using in situ tensile test in a transmission electron microscope.
Atomic simulations have confirmed that the interaction between lattice dislocations and TBs is a dominant factor in the strengthening process of metals which exhibit twinning [36] . Twinning and more specially de-twinning (e.g. reaction (2.5)) become the dominant deformation mechanisms for thin growth twins of the order of a few nanometres [37] .
The reactions of partial dislocations at TBs have been reanalysed recently by Chowdhury et al. [38] . Moreover, these authors have considered cyclic loading that is forward followed by reverse loading (figure 4 
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[121] Under continued application of forward shear loading, the extended dislocation glides towards the coherent twin boundary (CTB; figure 4a ). The two partials recombine and generate new screw dislocations at the site of incidence. The new dislocations similarly dissociate into Shockley partials. One of the new dislocations is incorporated into the CTB as a twinning partial and another is transmitted inside the twin (figure 4b,c). Equation (2.7) summarizes the reaction: These reactions assumed that the dislocation's motion is perfectly reversible. Irreversible dislocation glide during cyclic loading has also been analysed by Chowdhury et al. [38] . In summary, all these reactions show that TBs in FCC crystals act in many cases as strong barriers and lead to a strengthening Hall-Petch effect. However, there are a number of situations where TBs are permeable to dislocation crossing which is then accompanied by another strengthening effect (sometimes called Basinski [39] hardening; also see [40] ) and a migration of the TB which can produce a softening effect by reducing the thickness of the crossed twin. This softening effect can reduce the Hall-Petch strengthening mechanism and is more important in nanotwinned materials than in conventional alloys when they are cyclically deformed [37] .
3. Influence of grain boundaries in cleavage fracture (a) Introduction: material GBs in ferritic steels offer an important resistance to the propagation of cleavage cracks, particularly in the DBT regime (e.g. the pioneering work by Hahn et al. [41] who showed cleavage cracks arrested at GBs and, more recently, the work by Lambert-Perlade et al. [42] who showed using acoustic emission that cracks could be arrested at GBs or packet boundaries). Based on further observations in hydrogen-charged Fe-3% Si alloy, Gell & Smith [43] demonstrated that the resistance of GBs to the transmission of cleavage cracks across them was governed more significantly by the twist misorientation than the tilt misorientation. The specific role of GBs in affecting cleavage crack growth resistance has not yet been completely clarified. However, recent studies by Qiao [44] , Qiao & Argon [45] , Qiao & Kong [46] , Chen et al. [47] and Lu et al. [48] should be mentioned.
In a recent study dealing with the effect of thermal ageing on the fracture toughness of a pressure vessel steel (A508 steel) [49] , we have investigated, in some detail, the mechanisms of GB crossing by cleavage cracks. A short account of these results has been reported elsewhere [50] [51] [52] . As all these studies related to GB/cleavage cracks interactions are strongly dependent on the material, a brief presentation of the investigated steel is appropriate. This material was taken from a thick plate and contained some microsegregated zones (MSZs) surrounded by base metal (BM). The microstructure of the material was essentially tempered upper bainite. More details about this material and its fabrication can be found in [52] . This steel contained some impurities, in particular, phosphorus (0.010% in base metal, and up to 0.020% in segregated zones). This impurity segregated to the GBs of both the BM and the MSZ during slow cooling rate after stress relief heat treatment at 615 • C and after ageing at temperatures close to 400 • C. This segregation produced a shift of the DBT temperature (figure 4 and see [49] ).
(b) Fractography
Analysis of fracture surfaces of specimens broken at low temperature (approx. −60 • C) revealed the existence of a bimodal brittle failure with brittle transgranular cleavage in BM and brittle intergranular fracture in MSZ. This bimodal fracture was observed both in the initial condition and after ageing at 450 • C. The presence of phosphorus and carbon segregated on intergranular surfaces was evidenced by Auger spectrometry. No significant differences in the ratio of intergranular (cleavage fracture for both conditions) could be detected. The significant temperature shift of the DBT (figure 5) cannot therefore be attributed to a change in the character of fracture modes. One part of the reduction in fracture toughness is associated with the temper embrittlement of the MSZ [52] . In a detailed study similar to the work on Fe-Si alloys by (b) (a) Figure 5 . Steel A508 in the initial condition (a) and after ageing at 450
• C for 5000 h (b). Variation of fracture toughness with temperature. Experimental results and theoretical results corresponding to probabilities of fracture of 5%, 63% and 95%. The thermal ageing produces a shift of the ductile-to-brittle transition temperature [50] . Qiao [44] , Qiao & Argon [45] showed that a significant part of the reduction in fracture toughness was also related to cleavage fracture and in particular to the crossing of embrittled GBs by cleavage cracks.
Fracture surfaces of A508 steel are shown in figure 6a,b. In both cases, inclined facets are observed when the crack crosses GBs. Quantitative stereography was used to measure the tilt (ϕ) and the twist (ψ) angles between adjacent grains [49] . The number of inclined cleavage facets at GBs per unit length increased with twist angle, whereas the value of the tilt angle had no effect, as expected. This number of facets was also lower in the aged material than in the initial condition (see below). An enlargement of the fracture surface (figure 6b) shows the presence of triangular parts which correspond to one portion of the GB. The fracture surface is thus not fully transgranular but is partly intergranular when a cleavage crack in a given grain crosses the GB with another grain which has a significant twist misorientation component with the first grain. The abovementioned observations suggest that the crossing of a twist GB by cleavage cracks could be described in four steps (see also Qiao & Argon [45] ), as indicated in figure 7:
-Step 1: a cleavage crack propagates in the first grain and is arrested by the GB between grain 1 and grain 2. -Step 2: as the applied stress is increased, cleavage cracks are initiated in grain 2. The initiation sites may be carbides or tongues (intersection of the fracture surface with mechanical twins) as observed on one of the facets shown in figure 6b. These cleavage microcracks propagate along the cleavage facets of the second grain. -Step 3: these microcracks join the cleavage crack in grain 1 and break the GB. One obtains a perturbed crack front pinned by the GB and the risers between adjacent cleavage facets in grain 2. -Step 4: the crack continues to propagate in grain 2 with its perturbed crack front.
(d) Energy balance: number of segmentations as a function of twist angle
This problem has been analysed using an energy balance similar to the approach of Lin et al. [53] for the initiation of cracks under mixed-mode I + III loading. We assume that the critical steps are initial, g GB /g C = 1.15 aged (450°C -5000 h), g GB /g C = 0.5 initial, g GB /g C = (b) (a) Figure 9 . (a) Model for the formation of cleavage segments as a function of twist angle [49, 52] . (b) Calculated fracture stress as a function of twist angle [49, 52] .
those corresponding to steps 3 and 4. This means that we have to estimate the dissipated energy, E diss , the driving energy, E driv , and to find the lowest energy configuration.
The side view of the fracture surface in a plane containing the GB is shown in figure 8 , where the notations used in the calculations are introduced. The steps between cleavage facets can be complementary cleavage facets or be formed by ductile fracture as observed in figure 6a . The dissipated energy, E diss , is the sum of three terms: (i) the cleavage energy associated with the facets, γ c , (ii) the GB energy, γ GB , and (iii) the energy associated with the risers with a volume energy density, e d . If ψ corresponds to the twist angle, it is easy to show that for a GB of length, d:
3)
The third term, E duc , was not considered in the present analysis in the absence of more detailed experimental studies dealing with the formation of these risers, although ductile energy may represent a significant part of the dissipated energy in particular in the upper part of the DBT curve. To the best of our knowledge, the only detailed model of the role of GBs in cleavage fracture is that of McClintock [54] . This author, in particular, estimated the specific work of fracture owing to plastic shear on GBs bridging primary cleavage facets of adjoining cracked grains. The McClintock results could be used to estimate the part of the dissipated energy associated with ductile fracture of the risers. The local mode I crack driving force, K I , was calculated along the perturbed crack front using Rice's [55] variation method:
is thus a function of applied stress and of the number of segmentations, n. Details are given elsewhere [49] .
The 'optimum' configuration corresponds to the equality E diss = E driv with the lowest value for the applied stress σ . This gives the optimum number of segmentations. The calculations were made with d = 20 μm, T 2 = 0.1 μm, δ (initial crack advance in grain 2) = 0.75 μm, γ GB /γ c = 1.15 (initial condition), γ GB /γ c = 0.50 (after ageing). These values were adopted as representative of those which may be found in such a steel. The results of these calculations are shown in figure 9 where a comparison with experimental measurements is made. It is seen that the model is able to reproduce the increasing number of segmentations in a grain with the twist angle. It is also observed that the number of facets decreases with the GB energy. The decrease in the number of segmentations with ageing corresponds to a decrease of the fracture stress, as shown in figure 9b , and to a shift of the DBT (figure 4). In summary, GBs play a central role on cleavage fracture of ferritic steels, in particular in the DBT where the critical step for initiating overall cleavage is the propagation of a population of grain-sized microcracks. The best crack boundary arrestors are those which exhibit a strong twist component.
It should be added that there are relatively few metallurgical methods to control the twist character of the GBs. However, in ferritic steels, it has been shown that the misorientation between the ferritic packets was much more important in martensitic steels (such as 21/4 Cr steel) than in bainitic steels (such as A508 steel). These modifications in misorientation distribution between the effective units for cleavage fracture are accompanied by significant improvement in fracture toughness [56] .
Fatigue cracks and grain boundaries (a) Introductory comments
It is well known that microstructure has a dominant influence in the early stages of fatigue crack formation and growth, especially at low strain amplitudes. However, physically based models for small fatigue cracks are still lacking. A recent review by Castelluccio & McDowell [57] was devoted to this topic. Numerous experimental studies have shown that in low SFE materials, fatigue cracks are preferentially initiated at TBs (e.g. the recent work by Man et al. [58] ).
Recent advances in the understanding of the interaction between short fatigue cracks and GBs and in particular CTBs have been made through the use of novel techniques, such as X-ray tomography and focused ion beam (FIB) techniques. A series of remarkable experimental studies have been reported by Marx and co-workers [59] [60] [61] [62] [63] and by Gopalan & Margolin [64] . These studies have been made on various materials, including mild steel and a Ni base superalloy, CMSX-4, and 70-30 α brass. These researchers have introduced a combination of FIB and highresolution scanning electron microscopy to initiate artificial microcracks and to follow their propagation. Electron channelling contrast imaging was also used to investigate the interaction of short fatigue cracks with GBs. They found that cracks do not necessarily propagate into a neighbouring grain along slip planes with the highest apparent Schmid factor, but rather along the most compatible slip plane (lowest tilt/twist angle) which is consistent with the pioneering study on an aluminium alloy by Zhai et al. [65, 66] . Such results have thus strong similarities with those obtained for cleavage fracture.
The existing models for the interaction between short fatigue cracks and GBs remain relatively macroscopic, even if the most advanced ones [67] [68] [69] are based on the application of distributed dislocation models. The initial Tanaka [67] model was extended later by Tanaka et al. [68] to model statistical characteristics of the propagation of small fatigue cracks. A full account of these pioneering studies and of more recent works can be found in the recent review by Castelluccio & McDowell [57] . As stated by these authors, there are still many open areas for future research. Experimental techniques are developing rapidly and in many respects are outpacing the somewhat rudimentary theoretical approaches, especially those based on variants of traditional linear elastic fracture mechanics. Advances including in situ experiments with more physically based modelling and simulation approaches offer multiple opportunities to deepen our understanding of the behaviour of small fatigue cracks.
In the following, we concentrate on the advances which have been made on the crossing mechanisms of TBs by fatigue cracks and then on general boundaries.
(b) Fatigue crack initiation from twin boundaries in face-centred cubic metals For a long time, it has been recognized that TBs constitute preferential sites for the nucleation of fatigue cracks in FCC metals [70, 71] . However, the experimental evidence for this phenomenon results from observations made during fatigue studies which were not specifically designed to investigate the role of TBs. As a consequence, there have been very few systematic and detailed twin boundary cracking Figure 10 . Influence of stacking fault energy and crystallographic orientation on the fatigue cracking modes along twin boundaries or slip bands in various copper-based alloys [87] .
descriptions of the processes occurring at TBs during cyclic loading. However, it should be mentioned that very early and from a theoretical point of view, Thompson [71] has postulated that plastic deformation parallel to a TB should be enhanced as a result of both elastic anisotropy across the boundary and the nature of dislocations in the boundary. The effect of elastic anisotropy was studied in much more detail by Gopalan & Margolin [64] , Neumann & Tönnessen [72] , Heinz & Neumann [73] and more recently by Lewis et al. [74] in a super-austenitic stainless steel (Fe-24Ni-20Cr-6.3Mo-0.22N) and by Miao et al. [75, 76] ) in a Ni base superalloy. This anisotropy effect might explain the effect of texture on fatigue crack initiation in stainless steels as observed by Blochwitz et al. [77] [78] [79] .
More recently, there has been a renewed interest in the effect of TBs on fatigue crack initiation and on mechanical properties. This is partly due to the large number of recent studies on NC metals. These NC metals are very often nanotwinned materials with a high density of TBs. These materials offer a good strength-ductility compromise [80] [81] [82] . It can be added that DT has also been largely investigated and simulated in NC materials (e.g. Tadmor & Hai [83] , Tadmor & Bernstein [7] , Bernstein & Tadmor [84] , Chen et al. [11] and Zhu et al. [85] ).
A remarkable study on fatigue cracking at TBs has been made recently in Shenyang [86] [87] [88] . These authors have investigated the effects of crystallographic orientation and SFE on the cracking behaviour of TBs in pure Cu, Cu-Al and Cu-Zn alloys. They introduced a new parameter, defined as the difference of Schmid factor (DSF) between two adjacent grains. A semi-quantitative relationship between DSF, SFE, slip character (planar, wavy) and the critical condition of TB cracking was established. This relationship is graphically reproduced in figure 10 with the composition and the SFE of the alloys which were investigated. Figure 10 shows that in metals and alloys with a large SFE (e.g. Cu, Ni, Al) the orientation of the two adjacent twins must be such that the difference in their Schmid factors must be large to initiate TB cracking. Otherwise, persistent slip band (PSB) cracking will occur much more easily. In terms of the conditions necessary for slip transfer across GBs this means that the third LRB condition (see §2b) is not satisfied for those cases. Figure 11 illustrates the mechanism of TB cracking in low SFE Cu-Zn alloys [87] . Cracking is initiated by the impingement of PSB on TBs. The detailed dislocation mechanisms have not been analysed. It is likely that one of those presented in §2 is occurring, which means that partial dislocations are left at the interface. These partial dislocations can slip along the twin plane producing either twinning or de-twinning. They will be stopped at the intersection with the next slip band and they can thus produce stress concentrations which are responsible for the production of a normal stress to the TB generating a crack. This micromechanism of TB cracking is incomplete and requires more detailed studies. (c) Fatigue cracks crossing twist grain boundaries
Although it is well known that fatigue cracks can be arrested at GBs and that the short crack problem [89] is largely owing to the interaction of small fatigue cracks with GBs, there are relatively few detailed studies published in the literature on this topic. This can be explained by the difficulties met in such studies which fundamentally require three-dimensional considerations. However, there is no doubt that modern sophisticated techniques such as X-ray tomography [90] [91] [92] [93] [94] will largely contribute to an improvement of our understanding of the underlying mechanisms of GB crossing by fatigue cracks. To the author's knowledge, there is only one detailed experimental study which has been made on the effect of the relative orientation of the grains across the boundary on the fatigue crack growth behaviour. In this study, carried out on a high strength Al alloy (Al-Li-8090), the first results were published in 2000 [65] . These authors using electron backscatter diffraction (EBSD) and a nanosecond time-resolved acoustic microscope confirmed that short crack growth was controlled essentially by the twist angle of the GBs in the alloy. Observations of the fracture surfaces associated with short cracks indicated that the twist angle caused the crack front to form 'steps'. The crack front can be pinned by this 'stepping' mechanism. A much more detailed analysis was presented in 2005 [66] ( figure 12 ). As seen in figure 12 , the crack branches at the GB between two grains, labelled 1 and 2 (from crack B to crack C). The orientations θ of the grains 1 and 2 were measured using EBSD. In this material, the cracks propagate preferentially along {111} planes. By matching to the observed angle θ of cracks A, B and C, their Miller indices could be identified. Subsequently, their tilt angle α and their twist angle β were calculated for cracks B and C, to be 62 • and 24 • , and 7.2 • and 0.7 • , respectively. Although the crack just propagated along path B in grain 2 at the GB between grains 1 and 2, it soon arrested and eventually restarted along path C at the GB. This path C provided a much smaller twist angle (0.7 • ) than that of path B (7.2 • ). The continuous retardation process of crack B cannot be explained by a two-dimensional slip band-blocking model, similar to Tanaka et al. [67, 68] and Navarro & De los Rios [69] . These models predict that the crack is significantly retarded just before it reaches the GB, and there is no resistance after the crack crosses the GB. These observations [66] clearly show that a crack can only continue its growth when there is a small twist path across the GB. This observation is thus similar to those made for cleavage cracks crossing GBs. In fatigue, texture Crossing of a grain boundary by a fatigue crack in an Al-Li alloy, see text [66] .
crack stepping in the first grain Figure 13 . Illustration of the segmentation of a fatigue crack crossing four grain boundaries indicated by arrows (2026 Al alloy). The twist angle between adjacent grains has not been reported [66] . (Online version in colour.)
is thus one of the primary parameters controlling crack initiation and early crack growth. This parameter has to be controlled in planar slip alloys, similar to Al-Li 8090, in order to improve their fatigue properties. The mechanism of crack 'stepping' has also been observed by Zhai et al. [66] in their study on a 2026 Al alloy (figure 12) studied for the T351 temper condition (water quench, stretch by 1-3% and natural ageing). In this alloy, crack growth is predominantly crystallographic, along {111} planes, as for the Al-Li alloy. Figure 13 shows the fracture surface of a fatigued 2026 Al sample. The GBs are marked by arrows in figure 13 . It can be observed that the crack is deflected at every GB it has passed. The pitch of the segments changes from grain to grain. Unfortunately, the twist angles have not been reported, so that it is impossible to relate this pitch to the twist angle, as was done for cleavage cracks. 
Concluding comments
The abovementioned analysis has been more macroscopic for cleavage and fatigue crack propagation than for the slip transfer at GBs. It has been possible to propose (and sometimes to verify) a number of mechanisms for crossing Σ3 GBs in FCC metals in terms of dislocations reactions, which is not the case for the interactions between cracks and GBs. It has been confirmed that TBs are generally strong barriers for slip transfer. However, there are situations where the crossing of an existing twin by a propagating thin twin produces a de-twinning of the pre-existing twin, as illustrated in figure 14 [95] . See also Coujou et al. [96] . These mechanisms are the basis for the development of strong and tough materials, including NC metals. This development was obtained either by lowering the SFE (TWIP steels [97] ), by partitioning the alloying elements in multi-phase materials [98] , by using nanotwinned materials, including austenitic stainless steels or Fe-25 Mn austenitic steels [99] , or by controlling the texture and the recrystallization of the alloys to facilitate mechanical twinning, as shown in austenitic stainless steels [77] [78] [79] 100] .
